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INTRODUCTION. 

To date, life support systems in manned space flights have consisted of 
consumables transported in a spacecraft for the duration of the flight and 
periodically replenished b, sohseguent space flights during longer missions 
such as Skylab. This has worked well on short missions. However, a 
contained self-regenerating system (1) that produces edible biomass (1,2) 
from crew waste products and sunlight would have clear advantages and has 
been proposed by the Controlled Ecological Life Support System (CELSS; 2). 
The proposed CELSS is an integration of several unifunctional, tightly 
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controlled sub-systems such that the output of one sub-system provides the 
required input of the next sub-system in the cycle. The major sub-systems are 
shown in figure 1. However, in this "closed-cycle" not all components are 
inherently stable but must be controlled or regenerated. One obstacle to 
maintaining system stability is posed by the loss of fixed nitrogen during 
waste processing and biological denitrification. 

Photosynthetic organisms are of prime consideration (1) in a CELSS since 
they are capable of producing biomass from simple inorganic compounds at the 
expense of light energy by the so-called oxygenic photosynthesis. Since 
these photosynthetic systems generate 0 2 (from the photolysis of H 2 0) , they 
could augment the physical/chemical air revitalization subsystems. 

One group of photosynthetic organisms under consideration are the highly 
versatile blue green algae (3, 4). These microscopic blue green algae blend 
the advantages of higher plants (photosynthesis) with the ease of handling of 
bacteria (axenic cultures grown in fermentors). These organisms produce a 
high percentage of their biomass as protein (table 1), and we have 
demonstrated that the metabolic energy produced by photosynthesis can be 
redirected to carbohydrate and lipid synthesis and away from protein, by 
simple manipulations of environmental factors. With these methods, we are 
able to manipulate the productivity of protein, lipid, and carbohydrate in a 

single organism to levels which are compatible with the human dietary 
requirements. 

One distinct advantage of some species of blue green algae is their 
ability, under nitrogen limitation, to reduce atmospheric N 2 to a 
biologically useful form. This would provide the CELSS with a sub-system for 
maintaining the nitrogen balance, countering potential losses due to 
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denitrifying bacteria or physical processing, projected in the waste 
processing subsystems (5, 6). 

CARBON-NITROGEN BALANCE AND CONTROL. 

A basic concept of photosynthesis, outlined in Figure 2, is the 
competition between N 2 /N0§ and C0 2 for reductant and ATP. That is, of 
course, a rather simplistic picture, since C0 2 reduction is required to 
provide the carbon skeleton for assimilation of NH 3 into amino acids 
(proteins), and nitrogenous material is incorporated into some lipids, 
nucleic acids and cell -wall components. Generally, however, the competition 
between C0 2 and nitrogen reduction does hold true; and since photosynthetic 
electron flux (and hence reductant supply) is not shown to be improved by 
environmental factors, the theoretical productivity of one component of the 
biomass (e.g. carbohydrates) could only be increased at the expense of 
another (e.g. protein). Our results show this to be the case. Using "shock 
(i.e. salinity or cold treatment), we have been able to demonstrate the 
partitioning of reductant away from (excess) protein to (required) 
carbohydrate and lipid. Growth of the unicellular Synechococc us 6311 as 
measured by increments in chlorophyll, was inhibited -30% with 0.5M NaCl 
(figure 3a), and since the protein content per cell also decreased, this 
demonstrates an approximate 50% reduction in total protein productivity. 
Although the growth rate is inhibited, the glycogen productivity increases 
markedly, by a factor of 10 over control cells (Figure 3b). In addition, the 
lipid content was also found to change. Not only did the total lipid increase 
by 5%, but the fatty acid composition was also altered. Under salt shock the 
length of the fatty acids were increased from 16:1 to 18:1. Analysis of the 
total caloric content of the carbohydrate (glycogen plus soluble sugars), 
protein and lipid per gram of cells under "stress" is shown in table II. The 
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total caloric value per gram of cells remains fairly constant, but the source 
of the calories changes, this redirection of reductant truly represents a 
shift of metabolism from protein to carbohydrate synthesis. 

The mechanism involved in this shift in metabolism seems to involve the 
energy status of the cell. We have extensively documented the physiological 
and biochemical response of Synechococcus 6311 to salt (7-14), and recent 
results point conclusively to a depolarization of the trans cytoplasmic 
membrane pH gradient as a primary event. We have shown that the membrane pH 
gradient, generated by a membrane bound ATP’ase under non-stress conditions 
and directly by respiration under stress conditions, is responsible for 
driving the accumulation of nitrate into the cell. This pH gradient is also 
utilized to remove excess intracellular sodium ions via a Na + /H + antiporter 
(13). The presence of high concentrations of intracellular salt compete with 
nitrate for the pH gradient (table III), with the net result that the cell’s 
uptake of nitrate is severely inhibited and photosynthetic reductant is 
channeled into C0 2 fixation. The mechanism involved in the case of cold shock 
is less clear, but there are indications that the cold-labile ATP’ase may be 
partially inhibited, which would deplete the magnitude of the pH gradient and 
hence inhibit the uptake of nitrate. 

In summary, the utilization of energy (ATP) for non-growth functions 
(salt removal) or energy depletion (ATP’ase inhibition) results in the 
inhibition of the nitrate uptake mechanism, presenting a nitrogen starvation 
situation which results in "over-production" of fixed carbon compounds. This 
scenario may be capitalized upon in future research, for example, one can 
envisage the selection of suitable mutants defective in their ATP’ase 
function, which would synthesize sufficient carbohydrate for human dietary 
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requi rements without the need for environmental manipulations. 

Selection of mutants as a way to "tailor" micro-organisms to meet 
specific needs of sub-systems within the proposed CELSS presents us with a 
powerful tool. In the next section we will present an overview of how a 
specific mutant of nitrogen-fixing cyanobacteria may be used as one component 
in the CELSS. 

NITROGEN CYCLING 

Organic (fixed) N 2 could be lost from a CELSS due to denitrifying 
bacteria in stored waste material or by oxidation to N 2 in the proposed 
waste management system such as catalytic wet oxidation (CWO, 5) and/or 
supercritical water oxidation (SCWO; 6). Current physical/chemical systems 
for the reduction or oxidation of N 2 to NH 4 + or NOj'/NO^ have a high energy 
expenditure (approximately 20,000 KWh per ton of nitrogen fixed) in the case 
of the Haber process, a low efficiency (2%) in the case of the Birkland-Eyde 
electric arc process, or system instability in the case of metal complexes as 
catalysts (for a recent review on man-made N 2 -fixing systems see 15). 
Photosynthetic nitrogen fixation by cyanobacteria is a plausible means of 
generating a pool of biologically usable fixed nitrogen. Cyanobacteria are a 
rich source of nitrogen, the majority of which is in a biologically useful 
form, protein (table IV). However, the mode of transfer of the fixed nitrogen 
back into the cycle is a critical consideration. The simplest method would be 
to use the cyanobacteria as a protein supplement for the crew, who become the 
"nitrogen processing sub-system" (figure 1). An attractive alternative is to 
select a mutant with the ability to excrete a nitrogenous product that can be 
used directly by the plant growth chamber. There are several reports in the 
literature in which versatile cyanobacterial strains have been used with the 
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specific aim of excreting NH 4 + ions (produced by nitrogen fixation) into the 
medium (16-20), and NH 4 + ions are an ideal nitrogen source for hydroponics. 
The filamentous cyanobacteria can convert atmospheric N 2 (as a sole nitrogen 
source; 16, 21, 22) into NH 4 + using only minerals, C0 2 and light (see ref. 8 
and 13 for relevant reviews of N 2 fixation). In these bacteria 
photosynthesis occurs simultaneously with the oxygen sensitive nitrogen 
fixation process. To achieve this state, the nitrogen fixing apparatus 
(nitrogenase) is housed in a specialized, differentiated cell (the 

heterocyst; 23) where the partial pressure of 0 2 is maintained at a low level 

(24). This unique arrangement allows the cyanobacteria to photo-produce NH 4 + 
ions and carbohydates and, therefore grow on a minimal medium without the 
need for added complex carbon compounds. Under conditions where alternative 
fixed nitrogen sources (NH 4 + , N0 3 ') are available to the cell, the 

nitrogenase complex is not expressed and heterocyst differentiation is 
inhibited (23, 26). 

The second key enzyme in the metabolic pathway of nitrogen is glutamine 
synthetase (GS). Glutamine synthetase is expressed irrespective of the 
source of nitrogenous material, and is the first step in the incorporation of 
NH 4 + ions into amino acids. This enzyme removes NH 4 + ions from the 

cytoplasm, combining then with glutamate to produce glutamine (25-28) which 
can be incorporated into protein or transaminated by glutamine 2-oxoglutarate 
amino transferase (GOGAT; 16) to regenerate the glutamate and synthesize the 
required amino acids from carbon precursors. To achieve a build-up of NH 4 + 
ion concentration, it is necessary to inhibit GS activity. One of the major 
techniques which has been used to induce strains of nitrogen fixing bacteria 
to excrete NH 4 + ions, is the GS inhibitor methionine sulfoximine (MSX; 17, 
18). However, MSX is extremely toxic and its removal from the recycled 
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nutrients would prove problematic. An alternative technique is the production 
and selection of mutants that excrete high levels of NH 4 + ions. The use of 
NH 4 + analogs such as ethyl enedi ami ne or methyl amine has been used 
successfully to select mutants deficient in GS activity, while retaining high 
nitrogen fixing capabilities (16, 19, 20). The technique is based on 
exposure of cells (previously grown on nitrogen deficient media) to a mutagen 
(nitrosoguanidine; 19). The mutated cells are then exposed to an NH 4 + analog 
(ethyl enedi amine) at pH 9 which allows the ethylenediamine to passively 
diffuse into the cell and prevents selection of NH 4 + transport mutants (20). 
Because ethylenediamine is metabolized by GS to produce aminoethylgl utamine, 
a compound which is not metabolized further and accumulates, mutants with a 
low GS activity accumulate aminoethylglutamine more slowly. Thus, the 
survival rate of the cells is higher, presumably because less of their 
glutamate is "tied-up H as ami noethyl glutamate and they can assimilate NH 4 + 
ions produced by the nitrogenase complex. 

A second effect is that the accumulation of aminoethylgl utamate causes 
inhibition of nitrogenase activity (20). In mutants with the nif genes 
derepressed, accumulation of the aminoethylglutamine will have little effect, 
allowing N 2 reduction to continue. The net result of this procedure is to 
select for a double mutant. In such a system (in the absence of NH 4 
analogs) there is an imbalance between the rate of NH 4 + supplied by the 
nitrogenase complex and the rate of assimilation into amino acids. This 

results in a release of NH 4 + ions into the medium (see figure 4), and the 
longevity of these mutants is promising (up to 600 hr. tested so far; 16). 

Stewart et al have considered the use of such mutants to supply nitrogen 
directly to crops in the field, but have concluded that competition from the 
faster growing wild type cyanobacteria would probably reduce their 
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effectiveness (16). However, such competition would not exist in a 

controlled bioreactor, making this an ideal system for inclusion as part of a 
CELSS. 


REFERENCES. 


1 . 

2 . 

3. 


4. 


5. 


6 . 


7. 


8 . 

9. 


10 . 


11 . 


12 . 


NASA TM 88177 (1985) Life Sciences Accomplishments 30-31. 


MacEl roy , 
Conference, 


R.D. and Brendt, L. (1984) NASA CP-2378 
Graz, Austria (MacElroy, Smernoff and Klein eds) 


XXV COSPAR 
1-9. 


Oguchi, M., Otsubo, K., Nitta, K. and Hatayama, 

and gas exchan 9e system using blue-green alga 
CELSS. Advances in space research, 7: 7-10. 


S. (1987) 
( Spirul ina l 


Food 

for 


Smernoff, D. T Warton, R. A. and Averna, M. M. (1987) Operation of an 
research^*- 9 * S exchanger for use in CELSS Advances in space 


Takahashi, Y., Nitta, K., Ohya, H. and Oguchi, 
of catalytic wet-oxidation to CELSS. Advances 
84. 


M. (1987) The application 
in space research, 7: 81- 


S u Pe u C K itiCa .L W . aS B te oxidation ^ueous wastes. NASA 
TM 88215 CELSS 85 Workshop, NASA-Ames Research Center, Moffett Field 
California (MacElroy, Martello and Smernoff, eds.), pp. 227-254. 

Hrabeta, J., D’Souza, J., and Packer, L. (1987) Application 
of Photosynthetic N 2 _ Fixing Cyanobacteria to the CELSS Program 
Advances in Space Research, 7: 39-46. y 


Belkin, S., Mehlhorn, 
intact cyanobacteria. 


R.J., and Packer, L. (1987) Proton gradients 
Plant Physiol. 84: 25-30. 


in 


Belkin, S., Mehlhorn, R.J., and Packer, L., 
solved oxygen in photosynthetic systems by 
ening, Arch. Biochem. Biophys. 252: 487-495. 


(1987) Determination of dis- 
nitroxide spin-probe broad- 


P a cker, 1., Spath, S., Martin, J., Roby, C., and Bligny, R. (1987) 23Na 
and 31 P NMR Studies of the Effects of Salt Stress on the Fresh Water 
Cyanobacterium Synechococcus 6311, Arch. Biochem. Biophys., 256: 354- 
361. J 


Blumwald, E., Mehlhorn, R.J., and Packer, L. (1984) Salt Adaptations 
Mechanisms in the Cyanobacterium, Synechococcus 6311, in: Advances in 
Photosynthetic Research, Proceedings of the Vlth International Congress 

u n ^°u t0 J^ nt n e , s 1 is ’ Brussels > August 1-6, 1983, ed. C. Sybesma, Boston: 
M. Nijhoff, Publ., 2: 627-630. 

Blumwald, E., Mehlhorn, R.J., and Packer, L. (1983) Studies of 


210 



13. 

14. 


15. 


16. 


17. 


18. 


19. 

20 . 
21 . 


22 . 

23. 

24. 

25. 


Osmoregulation in Salt Adaptation of Cyanobacteria Using ESR Spin Probe 
Techniques, Proc. Natl. Acad. Sci. 80: 2599-2602. 


Blumwald, E., Wolosin, J.M. and Packer, L. 
Cyanobacterium Svnechococcus 6311, Biochem. 
452-459. 


(1984) Na + /H + Exchange in the 
Biophys. Res. Commun. 122: 


Fry, I.V., Huflejt, M., Erber, W.W.A., Peschek, G.A., and Packer, L. 
(1986) The Role of Respiration During Adaptation of the Freshwater 
Cyanobacteria Svnechococcus 6311 to Salinity, Arch. Biochem. Biophys. 
244: 686-691. 


Newton, W. E. (1987) New man-made N 2 fixing systems. Phil. Trans. R. 
Soc. London, 317: 259-277. 


Stewart, 


(1987) N 2 
Trans. R. 


W.D.P., Rowell, P., Kerby, N.W., Reed, R.H., and Machray, 
-Fixing Cyanobacteria and their Potential Applications, 
Soc. lond., 317: 245-258. 


G.C. 
Phil . 


Stewart, W. P. D., Rowell, P. (1975) Effects 
sulphoximine on the assimilation of newly fixed NH 
and heterocyst production in Anabaena cyl indrica. 
Commun. 65: 846-857. 


of L-methionine DL- 
, acetylene reduction 
iochem. Biophys. Res. 


Musgrave, S. C. Kerby, N. W., Codd, G. A. and Stewart, 
Sustained ammonia production by immobilized filaments 
fixing cyanobacterium Anabaena 27893. Biotechnol. Lett. 


W. D. P. (1982) 
of the nitrogen 
4: 647-652. 


Polukhina, G. 

Ethylenediamine 

nitrogen-fixing 


N., Sakurieva, G. N. and Shestakov, S. V. (1982) 
resistant Anabaenavari abi 1 i s mutants with derepressed 
system. Mi krobiologica 51: 90-95. 


Kerbey, N. W., Rowell, P. 
uptake and metabolism in 
Microbiol. 141: 244-248. 


and Stewart, W. D. P. (1985) Ethylenediamine 
the cyanobacteria Anabaena vari abi 1 i $ * Arch. 


Smith, B.E., Campbell, R., Eady, R., Eldridge, M. , Ford, CM., Hill, S., 
Kavanaqh E.P., Lowe, D.J., Miller, R.W., Richardson, T.H., Robson, 
R.L., Thorneley, R.N.F. and Yates, M. G. (1987) Biochemistry of 
Nitrogenase and the Physiology of Related Metabolism, Phil. Trans. R. 
Soc. Lond., 317: 131-146. 

Pnstaate J (1974) Prerequisites for biological nitrogen fixation. In, 
^biology of nitrogen fixation (Quispel, A. ed.) North Holland 
research monographs, 33: 663-686. 

Wolk C. P. (1982) Heterocysts. In the biology of cyanobacteria (Carr 
and Whitton eds.) University of California press, pp. 359-386. 

Bothe H. (1982) Nitrogen fixation. In the biology of cyanobacteria 
(Carr and Whitton eds.) University of California press, pp. 87-104. 

nharmawardene M. W. N., Haystead, A. and Stewart, W. D. P. (1973) 
Glutamine synthetase of the nitrogen-fixing cyanobacteria Anabae na 
rvl indrica . Arch. Microbiol., 90: 281-295. 


211 


26 ‘ . V °.\ k .\ C - P '\ Shaffer ’ p - H., Austin, S,_M. and Galonsky, A. 

(1975) The initial ogamc products of fixation of I3 N-labelled nitrogen 
gas by the blue-gree alga Anabaena cvlindrica . Biochem. Biophys Res 
Commun. 67: 501-507. 


27 . Stacy, G., Tabita, F. R. and Van Baalen, C. (1977) Nitrogen and ammonia 
assimilation in the cyanobacteria: purification of glutamine synthetase 
from A nabaena sp. strain CA. J. Bacteriol. 132: 596-603. 

28 . Sampaio, M. J. A. M., Rowell, P. and Stewart, W. 0. P. (1979) 
Purification and some properties of glutamine synthetase from the 
nitrogen fixing cyanobacteria Anabaena cvlindrica and Nostoc sp. J Gen 
Microbiol. Ill: 181-191. 


212 



algal growth 

CHAMBER 


Nitrogen 


PLANT GROWTH 
CHAMBER 



Figure 1. Major components within a CELSS. 
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Table I. Storage granules in cyanobacteria 


Storage granule 
(Cell inclusion) 

% dry 
weight 

Present in 
SYnechococcus 

Present in 

SpiruUnfl 

GLYCOGEN 

5-60 

yea 

yes 

POLY-B-HYDROXY- 

BUTYRATE 

(lipid) 

6(a) 

n .a . 

yes 

MEMBRANES 

12-16 (b) 

yea 

yes 

CARBOXYSOMES 

(protein) 

25 

yea 

yes 

PHYCOBILSOMES 
( protein ) 

10-20 (a,b) 

yes 

yeB 

CYANOPHYCIN 
( protein) 

8-12 (a,c) 

no 

yes? 

GAS VESICLES 

2 (d) 

no 

yes 


( protein) 


a) Allen, M. M. and Hutchison, F. Nitrogen limitation and 
recovery in the cyanobacterium Aphanocapsa 6308 (1980) Arch. 
Microbiol. 128: 1-7. 

b) Results from our laboratory. 

c) Simon. R. D. Measurment of the cyanophycin granule polypeptide 
contained in the blue-green alga Anabaena cvlindrica (1973) J. 
Bacteriol. 114(3): 1213-1216. 

d) Walsby , A. E. Absence of gas vesicle protein in a mutant of 
Anabaena Hog-aquae (1977) Arch. Microbiol. 114: 167-170. 


Table II. 


Cellular composition and energy content 


6311. 



Control 

Salt 

shock 

Cold 

shock 


%DWt 

Kcal/g 

cells 

%DWt 

Kcal/g 

cells 

%DWt 

Kcal/g 

cells 

CARBOHYDRATE 

6.0 

0.24 

29.2 

1.17 

38.2 

1.53 

PROTEIN 

67.0 

2.68 

43.6 

1 . 74 

33.2 

1.33 

lipid 

15.0 

1.35 

15.2 

1 . 37 

16.6 

1.49 



4.27 


00 

<N 


4.35 


Energy content (Kcal/g DWt cells) calculated assuming conversion 
factors of 4, 4 and 9 Kcal/g for carbohydrate, protein and lipid 
respectivly (Bugbee, B. G. and Salisbury, F. B. in; Controlled 
Ecological Life Support Systems: CELSS'85 Workshop (MacElroy, 
Mar tel lo and Smernoff eds . ) pp447-486, 1986) 
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Figure 3. Effect of salt (0.5M NaCl I) on the growth 
(a) and glycogen productivity (b) in Synechococcus 

5311. 


Table III. 

Rate of nitrate uptake by Svnecho coccus 6311. 


Additions 


H0 3 uptake, 

umoles/mg chlorophyll/hr. 


NaCl, 10 mM 
NaCl, 100 mM 


with an imposed pH gradient of 2 units (acid 
outside) and in the presence of KCN (2 mM) and 
DCCD (2 umoles/mg chlorophyll). 




Table IV. 

Nitrogen In Cyanobacteria 


Protein 60-70 % Dry Weight 

Nitrogen 87 % as Protein 

13 % as Nucleic Acid 
and Peptidoglycan 


8-9g N per lOOg cells (Dry Weight) 



Figure 4. Nitrogen flow diagram in the proposed 
mutant of a nitrogen-fixing cyanobacterium. 
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